Aiming at the problem of poor processing performance and difficult processing in the process of aluminumbased diamond composites for electronic packaging, this paper uses electrolytic in-process dressing (ELID) grinding technology to grind the aluminum-based diamond composites. The quadratic orthogonal rotation combination method was used to investigate the influence law and degree of grinding depth, grinding wheel linear velocity, duty cycle and electrolysis current on surface roughness. The ELID grinding optimization process parameters of aluminum-based diamond composites obtained by LINGO software are: grinding depth 9.3µm, grinding wheel linear speed 36m/s, duty cycle 63.7%, electrolysis current 11.5A. The surface of the aluminum-based diamond composite with a surface roughness of 125 nm was machined by this optimized process parameter combination.
Introduction
With the rapid development of electronic technology, the integration degree of electronic devices increases. large amount of heat is generated, which causes the operating temperature of the circuit to be too high, and the electronic device fails.
Traditional electronic packaging materials are not only unable to withstand the damage caused by high heat, nor can they dissipate the high heat generated by electronic devices in time. Therefore, research on new materials for electronic packaging is imminent [1] . Aluminumbased diamond composite is a diamond particle reinforced metal Al-based composite material, which has the advantages of high wear resistance, high specific strength, high specific height, high thermal conductivity and low thermal expansion coefficient. It has become the hottest fourth-generation electronic packaging material, and has broad application prospects in the electronic packaging of aerospace and electronic devices. However, in the traditional cutting process of the aluminum-based diamond composite material, some parts of the aluminum alloy matrix will melt, form a built-up edge, the tool wear becomes dull, resulting in a decrease in roughness. And it is difficult to obtain the high quality machined surfaces, and the corresponding shape and dimensional tolerances are difficult to guarantee. In recent years, most of the research on aluminum-based diamond composite materials is the preparation aspect, using near-net molding technology, laser selection melting technology to reduce secondary processing steps, and direct manufacturing molding technology to solve the shortcomings of difficult processing. However, these technologies are still immature, and the surface quality of the workpieces obtained by applying these techniques in some aerospace and electronic equipment cannot meet the requirements for use [2] [3] [4] [5] . Therefore, there is no mature precision ultra-precision machining method for this material. The precision machining research on such composite materials with excellent performance and wide application prospects has practical value for solving major difficult processing problems such as na-tional defense, aerospace and electronic component packaging [6, 7] .
The ELID grinding technology was first proposed by the Institute of Physical and Chemical Research of Japan in the late 1980s. The technology has the advantages of good shape retention of the grinding wheel, sharp repair on the line, high grinding ratio, grinding precision and high grinding efficiency [8] [9] [10] . For aluminum-based diamond composites, the hardness of the diamond-reinforced phase is large, and the aluminum matrix phase is very soft. During the ELID grinding process, problems such as prone to burn, serious tool wear and low processing efficiency are generated. This technology can effectively solve these problems and is very suitable for precision mirror grinding of hard and brittle materials and the composites [11, 12] .
Physical and chemical properties
The aluminum-based diamond composite is a particlereinforced phase metal matrix composite formed by uniformly dispersing diamond particles into aluminum [13] . Aluminum-based diamond composites have the advantages of metallic aluminum and diamond materials. Therefore, it has the characteristics of high specific strength, high specific stiffness, high specific modulus, high wear resistance, high thermal conductivity, good fatigue resistance, light weight, low thermal expansion coefficient and good dimensional stability. The sample processed in this experiment is an aluminum-based diamond composite with a diamond particle reinforcement phase volume fraction of 30% and a diamond particle size of 50µm. The mechanical properties and thermal expansion coefficient of the sample were measured using a composite densitometer, an electronic universal tensile tester, and a thermal expansion tester. The measured data are shown in Table 1 . The composition of the aluminum-based diamond composites is shown in Figure 1 . 
Grinding Process
The principle of ELID grinding is shown in Figure 2 . The ELID grinding process consists of a power supply, a grinding wheel, an electrode, and a grinding fluid. These parts together form a closed loop that forms an electrolytic reac- tion. The positive electrode of the special power source is connected with the iron-based diamond super-hard abrasive grinding wheel as the anode of the electrolysis reaction, and the negative electrode of the power source is connected with the electrode as the cathode of the electrolysis reaction. And the grinding fluid spraying device is installed between the electrode and the grinding wheel, so that the grinding fluid can be evenly sprayed between the electrode and the grinding wheel to form a whole closed electrolytic reaction circuit, thereby achieving ELID grinding of the workpiece [8] [9] [10] .
During the ELID grinding process, the metal bond on the surface of the iron-based diamond super hard abrasive grinding wheel and grinding fluid, the anodic dissolution reaction occurs under the action of electrolysis. The metal will detach from the surface of the grinding wheel in the form of metal cations under the anodic dissolution, so that the diamond abrasive grain edge in the abrasive layer of the grinding wheel is exposed to the surface. In addition to the above-mentioned anodic dissolution reaction, during the grinding process, due to the high grinding temperature, the aluminum-based abrasive grains generated by the softening of the aluminum matrix phase in the aluminum-based diamond composite material adhere to the surface of the grinding wheel. These aluminum-based abrasive chips and the grinding fluid will also undergo an anodic dissolution reaction, thereby electrolytic removing the aluminum-based abrasive chips from the surface of the grinding wheel, effectively solving the clogging phenomenon of the grinding wheel caused by the aluminum matrix, and always maintaining the cutting performance of the grinding wheel. At the same time, the dissolved metal cations will chemically react when they encounter the hydroxide ions in the grinding fluid, and form an oxide film, which is then attached to the surface of the grinding wheel to protect it, thereby suppressing the degree of electrolysis and effectively preventing excessive electrolysis of the grinding wheel. Therefore, ELID grinding technology can carry out high-efficiency micro-cutting removal of aluminum-based diamond composites, thus achieving precision grinding of aluminum-based diamond composites [8] [9] [10] [11] 14] .
Factors affecting the surface roughness
In the ELID grinding process of aluminum-based diamond composites, surface roughness is a core concern of researchers and an important indicator for describing the surface quality of workpieces. For aluminum-based diamond composites for electronic packaging, the lower the surface roughness is preferred. Therefore, how to reduce the surface roughness is the goal that is constantly pursued in the processing. Through the establishment of the grinding model, the factors affecting the surface roughness of the aluminum-based diamond composite were investigated. The grinding model is shown in Figure 3 . The cutting streak model of the grinding wheel cutting edge is shown in Figure 4 .
In order to visually study the grinding wheel grinding form, this paper assumes that the abrasive particles are relatively evenly distributed on the surface of the grinding wheel. It can be calculated that the average moving distance is (ν/V)∆ of the workpiece in any two adjacent abrasive grain cutting-in and cutting-out time intervals.
In the grinding process, the trajectory of the abrasive cutting edge is approximated as an arc, and it can be calculated:
In the formula: H -the height of the residual chips cut by the cutting edge on the surface of the workpiece; ν -the speed of the grinding wheel; V -the moving speed of the workpiece; ∆ -grinding depth; D -the diameter of the grinding wheel.
In addition, if there is a uniform streak having a width b in the grinding surfaces, the depth of the streak perpendicular to the grinding direction is h ′ ≪ b. So the streak depth is approximately:
In the formula: h ′ -the depth of the streak perpendicular to the direction of grinding; b -uniform strip width; d 0 -the average diameter of the abrasive particles;
The surface after grinding is a shape in which many streaks are arranged side by side, so the maximum height value of the surface roughness is:
In the formula: Rmax -the maximum height of the surface roughness;
It can be concluded from the formula 3 that the maximum surface roughness Rmax increases with the increase of the workpiece moving speed and the grinding depth of the grinding wheel, and decreases as the linear speed of the grinding wheel increases. Therefore, the grinding depth, the linear speed of the grinding wheel and the moving speed of the workpiece are important factors affecting the surface roughness of the aluminum-based diamond composite.
Aluminum-based diamond composite ELID grinding test

Grinding test conditions
Grinding experiments were carried out on the aluminumbased diamond composites with a diamond particlereinforced phase volume fraction of 30% and a diamond particle size of 50µm using ELID precision grinding technology. The aluminum-based diamond composite material before the experimental processing is shown in Figure 5 , and the experimental device and testing equipment are shown in Table 2 . Among them, it is necessary to specifically specify the particle size of the grinding wheel. Since the particle-reinforced phase of the aluminum-based diamond composite is diamond particles, the abrasive component of the grinding wheel binder is also diamond abrasive grains. After repeated experiments, it was found that the grinding wheel can effectively grind the material only when the particle size of the diamond abrasive grains in the grinding wheel is larger than the particle size of the diamond particles in the material. Otherwise, there will be a phenomenon in which the grinding removal effect is poor, the pits are large, and severe diamond particles are broken and the workpiece is scratched.
Grinding test design
The quadratic orthogonal rotation combination method is an experimental design method with orthogonal, regression, uniform and high saturation. It adjusts the number of trials of the center point m 0 to make the regression ro- tation combination test have certain orthogonality, which belongs to a more advanced experimental design optimization method. Compared with the traditional single factor test and orthogonal test method, the advantages of the regression orthogonal design test are retained. It can greatly simplify the calculation process and simplify the process of testing data. At the same time, it can partially eliminate the correlation between regression coefficients, and can directly seek the optimal region according to the measured values, and carry out simulation analysis from multiple angles. This kind of optimization design method can obtain the precision law when using regression equations for prediction, and it is more systematic and scientific [15] [16] [17] .
Test design scheme
In this test, the grinding test design of aluminum-based diamond composites will be carried out by the quadratic orthogonal rotation combination test method. The surface roughness is selected as the test index. And the grinding depth, linear velocity of the grinding wheel, the duty ratio and the electrolysis current are the four factors that affect the surface roughness. In the experimental design, the upper and lower levels of the four factors are first determined as shown in Table 3 . After determining the upper and lower levels of each factor, calculate the zero level and the change spacing. The formula for calculating the zero level and variation spacing of a factor is:
In the formula: j = 1, 2, 3. . . , m; Z 2j -the upper level of the jth factor; Z 1j -the lower level of the jth factor; Z 0j -Zero level of the jth factor; ∆ j -the value change interval of the jth factor;
-the parameter to be determined, which can be calculated from equation 6.
In the design process of the quadratic orthogonal rotation combination test, the test factors are coded, and the coding formula is:
In the formula: Z αj -the actual level of the jth factor; X αj -the jth factor specifies the level of each coding.
It can be known from formula 6 that in this test, is equal to 2, and the upper and lower levels of the above factors are substituted into equations 4 and 5 to obtain the zero level and variation spacing of each factor. Then, the test factor level coding table is obtained according to the formula 7, as shown in Table 4 . 36 sets of tests were designed according to the theory of quadratic orthogonal rotation combined design [18] . The surface roughness of the aluminum-based diamond composite obtained under the combination of each set of test parameters was measured using a TR300 roughness shape measuring instrument, and each group was measured 12 times. The test should minimize errors in instrument measurement errors and uncertainties in processing. From each set of measured surface roughness values, the maximum and minimum values were removed, and then the average value was taken as the surface roughness result under the combination of the process parameters. The experimental design and test result data of the aluminum-based diamond composite ELID precision grinding quadratic orthogonal rotation combination are shown in Table 5 . The processed aluminum-based diamond composite material is shown in Figure 6 .
Test of mathematical model
According to the principle of quadratic regression analysis [16, 18] , the quadratic mathematical regression model of surface roughness with four dependent variables is:
According to the regression model and the test result data in Table 5 , the estimated values of the regression coefficients are obtained by DPS, and the quadratic regression equation of the surface roughness is obtained: After obtaining the regression equation, it is statistically tested to judge the reliability of the regression equation and the goodness of fit to the real situation. The variance analysis of the surface roughness test results is shown in Table 6 .
It can be seen from Table 6 that F 1 = 1.78727 < F 0.01 (10, 11) = 4.54, that is, F 1 is not significant at the 0.01 level. It is indicated that the losing fitting sum of squares at this significance level does not contain nonnegligible factors that affect the test results. That is, the regression equation has a good fit.
It can be seen from Table 6 that F 2 = 23.5982 > F 0.01 (14, 21) = 3.07, reaching a very significant level. It is indicated that the four dependent variables of grinding wheel linear velocity, grinding depth, dutycycle and electrolysis current have a significant effect on the surface roughness of aluminum-based diamond composites.That is, the regression equation model is established.
As can be seen from Table 6 , F 3 = 32.4451 > F 0.01 (14, 11) = 4.30, reaching a very significant level.It is considered that the regression equation results are reliable for each test factor and can be used to guide the actual and predict surface roughness.
The decision coefficient R 2 is the ratio of regression square sum to total square sum (0 ≤ R 2 ≤ 1). Through the inspection, the coefficient of determination R 2 of the aluminum-based diamond composite ELID precision grinding surface roughness quadratic regression model is R 2 = 0.9402. The influence of the four dependent variables of grinding depth, grinding wheel linear velocity, duty cycle and electrolysis current on the surface roughness is 94.02%. That is, the regression equation has a good fit to the actual measurement.
The variance analysis of the quadratic regression model shows that these differences are extremely significant (p < 0.01), including the linear term of grinding depth and linear velocity of the grinding wheel, the quadratic term of linear velocity of the grinding wheel, the duty cycle and the electrolysis current, and the interaction between the grinding depth and the linear speed of the grinding wheel.The quadratic term of the grinding depth reached a significant level (p<0.05).Through the significance testing of the regression equation, the order of influence on the surface roughness of the aluminum-based diamond composite ELID precision grinding is X 2 > X 1 > X 4 > X 3 , that is, the grinding wheel line speed > grinding depth > electrolysis current > duty ratio. Therefore, 
Single factor effect analysis
The influence law of grinding depth, grinding wheel linear speed, duty ratio and electrolysis current on surface roughness is shown in Figure 7 . (1) Analysis of the influence of grinding depth on surface roughness It can be seen from Figure 8 that in the ELID grinding process of the aluminum-based diamond composite material, the surface roughness value is increased from 148 nm to 181 nm when the grinding depth is increased from the horizontal-2 (1 µm) to the horizontal 2 (13 µm). That is, within a certain range, the surface roughness value in-creases as the grinding depth increases. This will cause the grinding wheel and the workpiece to be deformed due to the increased force and the grinding removal ability is reduced.The surface of the workpiece is broken and detached, and defects such as pits and scratches are generated.Therefore, the surface grinding quality of the workpiece deteriorates. (2) Analysis of the influence of the linear speed of the grinding wheel on the surface roughness It can be seen from Figure 9 that in the process of ELID grinding of aluminum-based diamond composites, the surface roughness value is reduced from 130 nm to 213 nm when the linear velocity of the grinding wheel is increased from horizontal-2 (20 m/s) to horizontal 2 (36 m/s). That is, within a certain range, the surface roughness value decreases as the linear velocity of the grinding wheel increases. Because the linear speed of the grinding wheel increases during the ELID grinding process, the number of abrasive grains in the grinding area per unit area will increase, and the maximum undeformed cutting thickness of the single abrasive grain becomes thinner. Thereby the grinding depth and the cutting force of the abrasive grains are reduced. At the same time, due to the oxidized film forming characteristics in the ELID grinding process, the oxide film is continuously generated, and the abrasive grains are subjected to high-speed grinding and polishing of the aluminum-based diamond composite material at a large grinding wheel linear velocity.Therefore, the surface grinding quality of the workpiece becomes better and the surface roughness value decreases. Figure 10 that the the surface roughness decreases from 167 nm to 153 nm and then increases to 167 nm when the duty ratio is increased from the level −2 (20%) to the level 0 (60%) and then to the level 2 (100%) during the ELID grinding process of the aluminum-based diamond composite material. That is, within a certain range, the surface roughness value decreases first and then increases as the duty ratio increases. Because during the ELID grinding process, the current density per unit area of the grinding wheel is small and the oxidation film forming property is weak under a certain electrolysis voltage, and the oxide film does not have a polishing effect on the workpiece. When the duty ratio is increased to 50%, the oxidized electrolytic film forming property is enhanced, and the oxide film can perform precision machining of the workpiece by grinding and polishing, thereby improving the surface processing quality of the workpiece and reducing the surface roughness value. However, when the duty ratio continues to increase, the current density per unit area continues to increase, and the grinding wheel generates excessive electrolysis, which causes the abrasive particles to fall off and the excessive generation of the oxide film, resulting in a decrease in the grinding performance of the grinding wheel. Therefore, the surface quality of the workpiece is deteriorated and the roughness value is increased.
(4) Analysis of the influence of electrolysis current on surface roughness
It can be seen from Figure 11 that the the surface roughness decreases from 170 nm to 153 nm and then increases to 170 nm when the electrolysis current is increased from the level −2 (4A) to the level 0 (12A) and then to the level 2 (20A%) during the ELID grinding process of the aluminumbased diamond composite material. That is, within a certain range, the surface roughness value decreases first and then increases as the duty ratio increases. Because this experiment uses a DC pulse power supply with a constant current source, the electrolysis current increases, the current density per unit area of the grinding wheel increases, and the dissolution rate and electrolytic film forming characteristics of the metal bond on the surface of the grinding wheel increase. More abrasive sharp edges expose the surface and improve grinding performance. At the same time, the oxide film can polish the surface of the aluminumbased diamond composite material, the surface grinding quality of the workpiece becomes better, and the surface roughness value decreases. However, as the electrolysis current continues to increase, the electrolysis speed of the metal bond grinding wheel is too fast, the abrasive grains are largely detached due to excessive electrolysis, and the grinding performance of the grinding wheel is lowered, resulting in deterioration of the surface quality of the machined surface. 
Analysis of interaction effects between two factors
According to the level of significance in Table 6 , only the interaction between the grinding depth and the linear velocity of the grinding wheel reached a very significant level (p<0.01). Using regression equation and DPS software, the influence of grinding depth and grinding wheel linear velocity on surface roughness is shown in Figure 12 . The interaction between various factors can be reflected in threedimensional space [19] .
In the horizontal range of (−2, 2), when the linear speed of the grinding wheel is constant, the surface roughness value increases with the increase of the grinding depth. When the grinding depth is fixed, the surface roughness decreases with the increase of the linear velocity of the grinding wheel. When the grinding depth is at 1 level (10µm) and the linear speed of the grinding wheel is at 2 levels (36 m·s −1 ), the lowest point is reached, the surface roughness reaches a minimum.
Optimization of ELID grinding process parameters
The process parameters of grinding depth, grinding wheel linear velocity, duty cycle and electrolysis current are optimized by quadratic regression model. Using the regression model as the objective function, the range of the variables X 1 , X 2 , X 3 , and X 4 is set to (−2, 2), and the objective function is optimized using the LINGO software. Using the coding formula (3) (4) , the optimized process parameters are: grinding depth 9.3µm, grinding wheel linear speed 36m/s, duty ratio 63.7%, and electrolysis current 11.5A. Substitut- ing the combination of process parameters into the regression equation yields Y=128.6 nm. The ELID grinding parallel test of the workpiece was carried out under the optimized combination of process parameters, and the average surface roughness was 125 nm. The relative error between the test results and the surface roughness value predicted by the regression equation is 3.6 nm. Therefore, the combination of process parameters and surface roughness values obtained by the quadratic orthogonal rotation combination design method are reliable.
Conclusions
In this paper, the ELID grinding technology is used to grind the aluminum-based diamond composites for electronic packaging, and the following conclusions are drawn:
1. The quadratic regression mathematical model of surface roughness is obtained by quadratic orthogonal rotation combination method and DPS software, and the equation is tested for significance. The order of the influence of four process parameters on the surface roughness of ELID precision grinding of aluminum-based diamond composites is as follows: grinding wheel line speed>grinding depth>electrolysis current>duty ratio. The effect of the line speed and grinding depth on the surface roughness is extremely significant. 2. Through the results of the quadratic orthogonal rotation combination test and DPS software analysis: the surface roughness value increases with the increase of the grinding depth; decreases with the increase of the grinding wheel linear velocity; with the duty cycle and the electrolysis current Increase, first decrease and then increase. 3. Using LINGO software and coding formula, the optimized process parameters are: grinding depth 9.3µm, grinding wheel linear speed 36m/s, duty ratio 63.7%, and electrolysis current 11.5A. A processed surface having a surface roughness of 125 nm was obtained by performing an ELID grinding experiment using an optimized combination of process parameters. The test results are similar to those predicted by the regression equation, and the relative error is 3.6 nm.
